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ABSTRACT 

The purpose of th i s  work was t o  determine the validity of the 

theory (ref. 1) for  measuring rotational and vibrational tempera- 
tures of N&+ from the spectral characteristics of the gas 
fluorescence caused by inelastic collisions between gas molecules 
and high energy electrons (25-28 Kev) . 
conducted experiments fo r  two gas temperatures, approximately 300' K 

and 373' K. 
density nitrogen gas. 

f3 

The initial investigator 

These experiments were conducted i n  a flowing low 

The experiments reported here were performed in a s t a t i c  gas, 
i n  the- equilibrium. 
obtained f r o m  the nitrogen constituent. 
measurements were conducted over a 300 K t o  1100 K range. Both 
the 0-0 and 0-1 bands of the f irst  negative system of nitrogen were 
used f o r  the measurements. 

The test gas was air and the data were 
Rotational temperature 

0 0 

The experiments were performed i n  a unique test chamber which 
The test chamber permitted control of was designed f o r  this work. 

the test gas pressure and temperature over a continuous range of 
1.3 t o  133.3 N/n2 
B t a  were obtained with the aid of a 0.5 meter Fastie-mert scanning 
spectrometer. 

temperature may be measured with a t  least +8 percent accuracy over 
a 300' K t o  1100' K range. 
results were within an estimated a t c i ~ ~ c y  cf +LR n-ment .  c-- - --- - 

and approximately 300' IC t o  l l O O o  K, respectively. 

The results of t he  experiments indicated that the  rotational 

Vibrational temperature measurement 





Thermal equilibrium conditione of a molecular system may be 

deterndned by measuring and camparing the molecular trsaslational, 

rotational, and vibrational. temperatures. 

tional temperature may be determined through the application of 

the well-known spectral emission intensity equation t o  spectro- 

scopic observations of a thermally excited gas. 

Rotational and vibra- 

The rotational and vibrational temperature of a low-temperature 

gaa, which radiates very weakly, is of physical interest also. It 

is known that high-energy electrons may be used t o  cause gas fluo- 

rescence. The question then arises: C a n  the radiation, as a 

result of high-energy electron inelastic collisions wlth gas mole- 

cules, be used for  determining rotational and vibrational. temperature? 

The answer t o  this question is contained in the validity of the theory 

for determining the relative number density population of the rota- 

tional and vibrational energy levels of the  excited electronic state. 

The initial investigator (ref. 1),  who formulated the theory for  

this application, eqerlmentally investigated the validity of the 

theory for the rotational temperature measurements for  two test 

temperatures, approximateiy jmo ii 373O K. meee sxperizie~ts 

vere zo&kct& in s ?le$-% nrtmgen gas and the data were obtained 

only from the 0 4  band of the nitrogen first negative system. 

2 
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The purpose of the experiments reported here was t o  enable an 

investigation of the  validity of the theory for  rotational temperature 

measurements over a range from mo K t o  1100~ K. Rotational tempera- 

ture measurements were made from data obtained f r o m  the 0-0 band as 

well as the 0-1 band of the nitrogen first negative system. 

experiments were conducted i n  a s t a t i c  test gas, In thermal equilib- 

rim. This procedure avoided any corrections that might be required 

for a dynamic gas condition. 

These 

Vibrational temperature experiments were elso conducted at  

300' K ah 400' K. 

as eristed for  the rotationalmeasurements. 

These data were taken under the same test conditions 

The temperature measurements that were obtained from a pure 

N2 test gas were found 

as those obtained with 

were obtained fromthe 

The procedure fo r  

t o  be the same, within experimental error, 

air a8 the t e s t  gas. 

experiments conducted i n  air. 

t h i s  investigation was t o  pass high-energy 

The data presented here 

electrons through a s ta t ic  test  gas at a known temperature. 

was contained i n  a t e s t  chamber which could be maintained at a desired 

temperature and pressure. 

measurements of the rotational and vibrational temperature were per- 

formed and compared with a reference temperature. This comparison 

prvdded the basis for  determining the applicability of the theory 

Over a range of temgeratures. 

The gas 

With the t e s t  gas under controlled conditions, 

The first portion of this paper outllnes and develops the theory 

similar t o  that as presented i n  reference 1. 

description of the experimental system and test procedure. 

the  experimental data end results are presented. 

This is followed by a 

Fimlly, 



CHAPPW I 

Introduction 

The test gas used in this investigation was air and the  primary 

sources of visible and near ultraviolet radiation were the flrst nega- 

t ive  and second positive system of nitrogen. 

i s  a source of Intense and resolvable spectrum and because of the abun- 

dance of available information concerning this  system and similar work 

done by others (refs. 1 and 2) this system was selected for investiga- 

tion. 

The first negative system 

The excitation and emission path for the first negative system 

is i l lustrated by an energy level diagram ( fig. 1) 

electron, designated 86 a primary electron, is  emitted by a source and 

has an inelastic collision with a ground state nitrogen molecule, N2X1$. 

The molecule is  excited t o  the excited ionized state, !?;&:, fran which 

it sgontaneously radiates and drops into the ground ionized energy state, 

NgS";:. The intensity and spectral distribution of the spontaneous 

emitted radiation reflects the vibrational and rotational characteristics 

of the molecules that were in the N2X1$ state. 

A high-energy 

Rotational and vibrational temperatures may be obtained from an 

application of the intensity of emission equation 

nm I, - Nnhcv& 

4 
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. 

where hcv, is the energy o f t h e  emitted radiation as a result of 

the transition between states n and m, urn is  the wave number of 

the emitted radiation, 

and Nn is the number density population of the i n i t i a l  level of transi- 

tion. 

or dependent only on the particular transition involved except 

Application of equation (1) requires the determination of the population 

and i ts  distribution i n  the  ini t ia l  level, N:B%C. The following section 

i s  the t r ans i t im  probability of emission, 

An inspection of equation (1) shows that a l l  tenns are constants 

Nn. 

will present arguments for determining the population source of N2B + 2-+  Xu 

and following this will be a discussion of the excitation-transition 

process and the development of an intensity of emission equation which 

relates the observed d S 6 i O n t o  the electron beam excitation process 

for obtaining ratational and vibrational temperature. 

Primary Q'Z; Population Source 

Determination of the population of N:$< state of nitrogen 

requires 

electron 

1. 

2. 

3. 

consideration of sources. 

inelastic collisions are: 

The sources as a result of primary 

Excited states of 82 

Canparison of the cross sections for excitation t o  discrete excited 

states of N2 and for ionization of W2, hereafter designated as excita- 

t ion and ionization cross sections, respectively, provides a means for 

estimsting the  population contributions t o  N: fram excited N2 states 

relative t o  the contribution fruin N2X1Z; state. The excitation cross 

section may be calculated from (ref. 3) 
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. 

where the sum is  over the discrete states of neutral nitrogen and 

(dx) 

q, includes the scattering angle which is  limited in the Born 

approximation t o  (ref. 3) 

is the  x-component of the dipole moment. The momentum tsansfer, 

8 << vo/v 

v is  the velocity of the primary electron ( 1  x lolo cm/sec f o r  th i s  

work) and vo is of the order of magnitude of the velocity of an 

atomic electron. The upper l i m i t  of the scattering angle is  about 1'. 

The ionization cross section may be determined from theoretical  

curves f o r  energy loss of electrons per unit path length as a 

function of electron potential (ref.  4), knowlng'that 33 t o  35 ev 

are required t o  form an ion pair (ref.  4)  and the molecular number 

density of the tes t  gas. 

The resultant r a t io  of the ionization cross section to the excita- 

t ion cross section is  at least 10 t o  1 and is probably100 t o  1 f o r  

primary electrons wlth a velocity of 1 x lolo cm/sec. 

is substantiated by the experimental results of t h i s  and other works 
+ 2 +  (ref. 1). The number of excited N2 molecules excited t o  N2B Xu 

through a second ineiast ic  coilisioil -#A= be i n s i g a i i Y m s m t  1rz ccmpafisan 

-2AL *L, -*--h-- &' hl ??C+ molecules excited directly t o  N9B C,,. Also, 

This observation 

+ 2 +  
-2-- g - __ W A U L L  U u b  U-YII 

the number of ionized molecules i n  the N:X%+ s ta te  that are excited t o  
g 
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+ 2 +  
N2B Cu 
molecules l e  expected t o  be of the same order of magnitude as that 

Kill be small since the excitation cross section for ionized 

for  nonionized molecules. 

N:X%i from N$’$ m y  be about equal t o  the number excited t o  

But, the number of molecules excited t o  

since the ionization cross sections would be approxfmately 

If the cross sections are approximately e q w  and since @< equal. 

and other excited states of l$ may spontaneously radiate and drop 

into the El+$$ state, it i s  possible that the nmber of molecules 

excited t o  NFZ: From I V F Z i  would be significant. However, the 

experbental results of this work and others (refs. 1 and 2) indicate 

that this is not the case. merefore, the population source of N>%:, 
as a result of inelastic collisions with primary electrons, i s  primarily 

”* 6 

Secondary electrons and their possible effect on the population 

of msy be determined qualitatively by considering two energy 

ranges, above and below ionization threshold. Secondaries which have 

energies In  excess o f t h e  ionization threshold, approximately equal t o  

16 ev, do not present any si&ficant problems unless the excitation by 

these relatively slow electrons i s  different from that of the primary 

electrons. 

[refs. 1 and 2) 

Previous Investigators have nut observed such a difference 

Secondaries which have energies less than 16 ev would 

f’rm inelastic collisions with secondaries of 16 ev or less  is  s m a U  

corxpared with the ions resulting from primary electrons and secondari.es 

“ 1  
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+ 2 +  cascading from various ionized states of N: t o  ‘ S ~ B  zU is 

another possible population source. 

curves and energy levels of the various excited ionized states which 

An inspection of the  potential 

+ 2c+ have been obsenred (ref 6) shows that most transitions t o  N$ 
are parity forbidden o r  that the resultant overlap integral would be 

very smal l .  

It may be concluded f r o m  the  preceding discussion that  the primary 

population source fo r  I V ~  xu is N~&Y+ and is a r e s u t  of inelastic 

collisions of molecules i n  the N2&+ energy state with primary 

electrons and secondaries with energies of 16 ev or larger. 

+ 2 +  
g 

Q 

Excitation-Transition Process 

In order,to determine the population of the vibrational and 
t 2 +  rotational energy states of 

m u s t  be evaluated. 

excitation conditions including excitation cross section and electron 

current a,nd potential. 

by a term Ce which is a constant for  a particular electron transition. 

‘S$ Zu, the excitation-transition process 

The excitation process is a function of the  

The excitation fbnction may be represented 

I n  order t o  calculate the transition probabilities for  the 

excitation process, it is necessary t o  represent the i n i t i a l  and final 

molecular states with an appropriatewave function. The relative mass 

of the etom2c nuclei and electrons was considered i n  selecting tne 

appropriatemve f’unction. Because the mass difference is very large, 

the  velocity of the nuclei i s  small compared t o  the velocity of the 

orbital  electrons. 

taken t o  be about a flxed nuclei conflguration. With the preceding 

Therefore, the motion of the orbi ta l  electrons i s  - 

l il 
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consideration, the Born-Oppenheimer approximation fo r  the  molecular 

wave function is made. 

The wave function for  diatomic molecules i n  the Born-Oppenheimer 

approximation is 

where 

coordinate si referenced t o  the molecular ax is ,  lfv is  the vibra- 

t ional wave f'unction with nuclei separation rN, and \IrJm the rota- 

tione3 wave function which i s  a function of the N e r  angles (e, X, 9). 

Jre i s  the electronic wave f'unction with the i t h  electronic 

The N e r  angles relate the molecular coordinate system t o  the  

coordinate system of the fixed point of observation. Also, it is  

assumed that the interaction of the primary electron with the  orbital  

electrons can be described by a coulombic potential. Therefore, the 

following matrix element of this interaction may be used t o  describe 

the excitation. 

I n  the above expression, the i n i t i a l  and f inal  wave f'unctions of the 

primary electrons are represented by ePll and epl, eSl the secondary 

electron, 2 Z +  and B2Z: represent the i n i t i a l  and final electronic 
Q 

wave functions, v" and v t  the  vibrational states, a-ii J"A'%" a 2  

J 'A'M' the  rotational states. O f  course, 

interaction term where the quantity 

high-energy primary electron and the i t h  orbi ta l  electron. 

- 1  2 

i 
i s  the coulombic L& 

rU is the distance between the  

It should be noted that i n  the notation t o  be used later, prime 

superscripts refer t o  @Zz states, double prime superscripts with 
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a one (1) subscript refers t o  

scripts with a two  (2) subscript refers t o  N+$Zi states. 

Since the particular transition of interest results in  the 

removal of one orbital  electron and f o r  simplicity 1 r w i l l b e  

replaced with 1 where the removed electron is d e l e d  with a sub- 

script 2. 

t o  form I$g2Z;, therefore, the electronic state may be earessed as 

states and double prime super- 
g 

li 

12 r 
The remaved orbital electron is  a uu2s electron from N$Z; 

’ 
+ I [.Z+cr 2s] (ref. 7). Equation (5) i s  now rewritten as Ce u u  

Note that K has been used in place of J; t h i s  may be done from 

consideration of the applicable coupling scheme which is Hund’s case (b) 

(ref.  7), and by suppressing the spin angular momentum. 

In  order t o  evaluate this  matrix element for high-energy primary 

electrons, a plane wave approximation i s  made for the primary electron 

wave functions and the integration over the primary electron coordinates 

is performed.  his integration gives (ref.  3) 

where is the mamentum transfer and G2 i s  the position vector of 

the interactinn orbit electron. 

e i t * %  is made 

A t  this point a series expansion of 

- 1 -  - 2  - -  
eiqor2 t 1 + ii e r2 - z(q r2) + ... 

To a flrst-order approximation the first two terms o f t h e  above expansion 

are retained. Bu t  the contribution fran the first term i n  equation (8) is 
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The overlap integral Of the vibrational wave ftmctions squared I(vl/vt')l 

is the well-lolown Franck-Condon factor, qvBvW' Generally, equation (U) 

is then expressed as 

In order t o  take into account the variation of internuclear separation, 

a method of 5 centroids (ref. 15) i s  used where r is the expectation 

value of the internuclear separation, 

t ional  wave f'unctians. Bar, the band strength is given by 

- 
q, as determined by the vibra- 

The ratatianal l ine  strength is given by the flrst matrix element 

of equation (10) squared, summed over M" and MI 

K'h' 
S p h w  which is  well This term is the well-known Hhl-I;ondon factor 

tabulated (ref. 7). 

rotational l ine strength may be obtained through the rat io  of the l ine 

strength t o  the sum of tie line skreiigth, tk;t is, 

For the transition of interest, the relative 



. 

This equation is the relative Une strength for excitation-transition 

which is indicated by the superscript a. The relative l i n e  strength 

for  emission is the  same except the sunrmation is over K" and is 

designated PR. e 

The preceding work of this section has been based on a plane 

wave approldmation f o r  the high-energy incident primary electron. 

It is necessary to  consider low-energy secondary electrons since 

these may contribute significantly t o  the number of ionized nitrogen 

molecules. 

analysis of the excitation-transition process. 

that for  electronic states of the homonuclear nitrogen molecule, 

$c+ and B*Z; rotational levels have symmetric and antisymmetric 

states under nuclear exchange. 

and B2C+ are the opposite With respect t o  even and odd rotational 

quantum numbers. And, only transitions between rotational energy 

levels with the same symmetry are allowed. Therefore, the same 

selection rules with respect t o  LX f o r  high-energy electrons apply 

t o  low-energy electmns. The only difficulty would be i f  the  first- 

order approximation is  not sufflciently accurate such tha t  AK = k3 

transitions would contribute appreciably i n  order t o  describe sec- 

ondary electron-induced transitions. 

the resultant rotational. temperature measurements. 

had not been obsemed i n  previous investigations (ref. 1 )  

is assumed that the factorization of equations (12) and (13) is s t i l l  

Several observations may be made without making a detailed 

It should be noted 

g 
The symmetry properties of $c' 

Q 

U 

- -  . _  Ir tnis were 8tr it vml.5 effect. 

However, this 

Also, it 

a i d  
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Vibrational Temperature, Tv 

The intensity of spontaneously emitted radiation as a result of 

transitions between two vlbrational energy states is given by 

where A y t y n  is  the transition 

for  transitions between initial 
2 

probability of spontaneous emission 

vibrational level, v', and a terminal 

vibrational level, vg, and v t n is the wave number of the resultant 

radiation of the transition. Vibrational temperature may be determined 

by measuring the Intensity of a vibrational band (ref.  7), provided the  

number density population, I&,,, has a Boltvaann distribution. However, 

for  th i s  work, th i s  is not the situation. The number density population 

N,I 

v2 

and i ts  distribution I s  a function of the source level population, 

distribution, and the excitation-transition process. 

For this work it has been sham that N$'%$ is  the 

of molecules which are excited t o  l@2Zi 88 a result of 

primary source 

inelast IC 

electron collisions. Therefore, Hv' and the resultant intensity of 

spontaneous emission is dependent on the distribution and the number 

density population of the vibrational energy states, 

The steady-state relation between %I 
ele=+-rez gz collision is Riven by 

and Elv; 88 

" :1 

where the product Ce P V y  describes excitation 

process between v i  and VI. C, i s  the excitation 

c. vl 

8 result of inelastic 

and transit ion 

function and P 9 11 
vl 



. 
is the vibrational band strength described i n  the preceding section, and 

R is the depapulation rate. The term Ce/R w i l l  be designated C i  

henceforth. If it is assumed that the IT& vibratioaal energy 

states are i n  thermal equilibrium, then the number of molecules i n  a 

given N,tt vibrational s ta te  is given by a Boltzmann distribution 
1 

-- 
where Qv P e-%il/HV is the  "state sum" or parti t ion function, 

vl 
n = e-GO(*)hC/u~ the characteristic energy of the v; level, % 

Go(vf) the vibrational t e n ,  No the steady-state population of N&Zg, 

and Tv the vibrational temperature. Therefore, with the substitution 

of equation (18) into equation (17)) the dependence of N,v on the T, 

of N2&$ is established, and the relation between vibrational temp- 

erature of I$X+ mil the intensity of spontaneous emitted r a i a t i o n ,  

equation (16), cem be determined. 

A 

e 

It is ncrt; necessary t o  maka absolute intensity measurements since 

Tv 

bands. 

be determined through ra t io  of intensit ies o f  two vibrational 

The resultant equation, as derived f'run equatians (16), (17), and 

(W, is 

"1 
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. 

Note that C& loo, and Q canceled in  the above ra t io  since these 

terms are independent of a m i c u l a r  v* - vz transition. Therefore, 

with equation (lg), the variation of the Intensity r a t io  as a function 

of Tv be calculated. As an example, the calculation for  the 

intensity ra t io  for the 0-1 and 1-2 bands i s  shown i n  figure 2. 

transition probabilities used for t h i s  example were obtained from 

references 8 and 9. 

The 

Rotational Temperature, a 
It Is sham i n  references 7, 10, and ll that a rotational tempera- 

ture  may be determined by measuring the relative intensit ies of the 

rotational fine structure spectrum. However these measurements are 

based on the assutuptian that the in i t ia l  level  o f t h e  transition is i n  

thermal equilibrium. But, as mentioned previously, this is not the  case 

for this investigation. The i n i t i a l  level rotational number uensity, 

of N P u ,  is a function of the excitation-transition process, NKt 

depopulation rate, and nunber density, H K ~  of N&;. If it i s  

assumed that rotational states of a 

then N q  i s  given by (ref. 7) 
vi are i n  thermal equilibrium, 

where Qr P 

%i P eeF(KT)hc/mR the characteristic energy of a rotational state, 

F(Ki) the rotational term, d TR the rotational temperature. Again, 

(2K" + l)eoEKfluk is  the rotational partition function, 
L l  

notice that a relation t o  a temperature has been established through the 



Boltzmann factor based on the explicit assumption that thermal equilib- 

rium exists i n  the ground electronic state of the neutral species of N2. 
I n  order t o  interpret th i s  temperature dependence in  the resulting 

intensity of radiation, the selection rules for  transitions between 

various rotational energy states are applied. The applicable selection 

-e given in  the excitation-transistion section is  AK = 21. 

the resultant total  angular momentum chaage is  N = ?I. f1/2 where the 

Therefore, 

f1/2, that is, spin angular manentum, reflects the removal of an orbital 

electron. 

The effects of electron spin increase with the rotational quantum 

number and results i n  l ine  spli t t ing of approximately 0.4 cm-l for 

= 23, which is  the practical limit of observation. The ra t io  of l ine 

spacing t o  spin spl i t t ing for  $ = 23 is 50 t o  1. Therefore, spin 

s9litt4ing io canparison with rotatianal l ine separation is  negligible. 

Because the rat io  of line spacing t o  spin splitting is large and the 

spin spl i t t ing is elrgerimentdly unresolved in this work, an effective 

sunrmatian over spin ccmponents is performed. 

formally described by 

The transit ion m a ~ r  then be 

k - 5 and the associated selection rule is 

L s  .L 21. 

The AK = 21 selection ntle predicts the fonnation of a P-branch 

(;?;IC = -1) nnrl R-hrmch (AK t +1) i n  the rotational f ine stmcture of a 

v i b r a t i d  band i n  excitation 88 wel l  as emission. 

%e following derivation is similar t o  that of reference 1 by 
E- P. E l u n t Z .  



. 

where pm and pm a m  the relative rotational line strengths of 

absorption, previously described, for the P- and R-branches. Writing 

PRR and P& in terms of I(' (rei. 7) 

K' + 1 
P r  
RP 2K' + 3 (23) 

"ow, by using equations (22) and (23) and expressing equation (20) 

in K t  terms through the selection rule AK = 5 

With the above expressions, equation (21) may be written as 

wK8 I c i  ~ ~ l a ~ f ( A ~  A 

where 

Term (A) i s  defined for ease of manipulation. 



With the  determination of mK?, the intensity of emitted radia- 

t ion may be calculated as a function of the rotational temperature, 

Before the calculation may be accomplished, it is necessary t o  s e t  up 
TR- 

an expression for  the emission transit ion probability, Av,Kl,v~t120 

AvlKl ,vz$ = xv 3 'y 1v;'R e 

where X is  a constant, v is the  wave number of the.transition, 

and PR is the relative rotatianal transition probability for emission. 

$ 

e 

for emission is given by (ref. 7) 

K' 
'&4 a 2K' + 1 

IC' + 1 Pe = 
Rp 2 K ' + 1  

(R-branch) 

(P-branch) 

I n  emission only the R-branch is suitable for  practical use since it 

can be easily resolved. 

Therefore, the intensity of emission for  a particular R-branch 

transit ion is given by 

-J. L J 

is a constant, Z, for  a particular v' - v: transition. Also, the 

equation may be put in conventional form (ref. 7) by noting that 

2K1 K 1  + I$ + 1 for  R-branch transitions. Therefore, 

(29)  . 
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-%I/wv (A)  ] (33) 
I p g  

K ' + I $ + l  t. i'v: 1 5 [""'. 
For the  case of Tv <, 800' K, 99 percent of the t o t a l  population 

is in the v i  = 0 level. Equation (33) q now be written 

where 

Z'  = 
QrIo 

(35) 

N o t e  that a reference intensity IO has been included t o  permit the 

measurements of relative intensities. 

and requires B solution of equation (34) through a process of iteration. 

The new term [G] involves TR 

For the cwc of T, of 800' IC <, Tv 5 UOOo K, only a small error 

i s  introduced by ass- that equation (34) applies t o  this case. 

error is s m a l l  since less than 5 percent of the t o t a l  population of 

N$$ 

e r m r  introduced i n  the calculated Tp by this appmdm8tion I s  less 

than 2 percent and the measurement accuracy in the  800' K t o  l l O O o  K 

region is no better than 5 percent, therefore, equation (34) will be 

applied to  the -e of 3000 K to LLOOO K. 

The 

at T, = 1100~ K occupies the upper vibrational states. The 

At 
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For ease of application, equation (34) is  put in the following 

form: 

IK'& 
(37)  Bohc 

zak - K'(K' + 1) + zl1= -2.3 loglo 
[K' + y;' + l~{[G]~v/v~~~] 

where vo is a reference wave number used to  normalize v .  Following 

reference 1, vo value i s  chosen for K' - I$ = 3-2 transition. Also, 

Z" is  just the loglo of Z', which ie a constant. 



CHAPTER 11 

The purpose of this  section i s  t o  describe the apparatus and major 

characteristics of the experimental system. 

(fig. 3 and, for example, fig. 13) 

tes t  gas temperature and vacuum control, electron beam, and optical and 

electronic detector system. 

The experimental system 

be divided into three subsystems: 

Test Gas Temperature and Vacuum Control System 

The test gas temperature and vacuum control system (figs. 4 anc 5) 

was designed t o  provide flexibility i n  temperature and vacuum test con- 

ditions. 

300' K t o  U0Oo K and 133.3 to  6.7 x 10.3 N/m2 (1 torr E 133.3 

newton/mete$). 

Temperature and pressure operating ranges are approximately 

The major component of the 6ystem i s  the test chamber which 

The outer cylinder is a consists of three concentric cylinders. 

stainless steel water-cooled jacket and i s  fitted with vacuum-tight 

water-cooled top and bottom covers. 

--o- l0-u- --- QIwqps; attached t o  extensions, for  mounting t e s t  hardware. 

Three 3-inch optical grade quartz windows are located i n  tine outer 

cylinder w a l l .  

wound nickel ribbon heating element ( f ig .  6) and is attached t o  

ceramic supporting rods. Electrical connections are made t o  

Each cover i s  fitted with 

The next concentric cjCiii2er ezcsists of a h~llcK!=ly 
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. copper electrodes which extend through the  outer cylinder. 

cylinder is an 8-inch-diameter l~-Inch-long stainless steel electro- 

s t a t i c  shield (fig. 7) and is  grounded together with the outer cylinder 

t o  prevent charge buildup on the w a l l s .  Also, the  inner cylinder pro- 

vides a more uniform heating surface for  the test  gas than would be 

provided by the  ribbon heating element. 

with end covers which have openings for  passage of the electron beam. 

Three 1-1/2 inch diameter openings are provided i n  t h e  cylinder wall 

and are located i n  l i ne  with the viewing windows of the outer cylinder. 

The inner 

The inner cylinder i s  equipped 

Rectified heater current is supplied f r o m  a 440 Vac g-phase system. 

Temperature control is provided by coarse and f lne rheostats. 

t i u e  i s  regulated wlthin &loo K of the preset value by an on-off 

automatic pyrometer. A maximum operating temperature of 1100~ K was 

obtained for  a heating element voltage and current of 35 Vdc and 

50 amperes. 

Tempera- 

A 35 psi  water cooling system i s  provided as a heat sink for the 

outer chamber w a l l  and covers, as w e l l  as cooling the d i m s i o n  pump. 

An interlock system prevents operation of the heating system and 

diffusion pump unless proper cooling flow i s  established. 

A 5 CFM mechanical pump, 750 l i ter /sec diffusion pump, cold t rap  

A -8 r;eccsszry imlgti-no vnlves comprise the vacuum pumping system. 

variable leak valve, with air dryer, i n  combination with the mechanical 

pump was used t o  maintain the test cnamber a t  t i e  desire8 z r e ~ z z e .  

Vacuum conditions of the test chamber are monitored by two types of 

detectors. 
2 The pressure range from 133.3 t o  1.3 x 10-1 M/m i s  monitored 
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. by a thermocouple-type vacuum gage, and from 1.3 x loo1 to 6.7 x loo3 H/m2 
is covered by an ionization-type vacuum gage. 

Test Chamber Temperature Survey 

A temperature survey of the inner cylinder wall was conducted to 

establish wall temperatures for various reference temperatures. Twelve 

thermocouples were attached, with bolts, to the inner cylinder wall and 

monitored with a 24-channel recorder. 

were calibrated wlth standard temperature sources. 

The thermocouples and recorder 

The thermocouples were divided into three groups of four. One group 

was located midway between the ends of the cylinder, the other two groups 

were located 2-1/2 inches froan the ends. 

group were equally spaced about the cylinder circumference. 

couple of the center group was located at the same point as the pyrometer 

sensing thermocouple which was selected as the reference temperature point. 

The resultant inner chamber temperature versus indicated pyrometer 

The four thermocouples in each 

One thermo- 

temperature curve is shown in figure 8. 

780' K to U0Oo K was necessary because of the limited range of the recorder. 

A second survey was conducted in conjunction with the first survey 

An extrapolation of the data f r o m  

with an electron beam current of lo00 pApassing through the test gas 

w i t h  the test chamber at approximately 300° K. 

the reference point was 7" K higher than Without the beam. 

group of thermocouples was 14' K higher and the upper group was 5' IC 

higher. 

The temperature of 

Tne h i i a s t  

A similar test was conducted with the test chamber reference 
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point a t  600' I(. But, a t  this higher temperature, no detectable inner 

w a l l  temperature difference between the t e s t  Without the beam and with 

the beam were noted. 

Next, a temperature survey was ccmducted t o  determine the inner 

container bottcmn plate heat- caused by scattered primary and secondary 

electrons. 

The temperature of the point monitored by the inner thermocouple No. 4 

(fig. 9) varied from 288' K for no beam, t o  3 8 3 O  K for a 14% pA beam. 

For the same beam current range, the outer tbemocauple No. 1 varied from 

288' IC t o  only 338' K. 

however, difficult  t o  establish because the center of the beam shifted 

slightly with changes In  beam current. 

Ten thermocougles were attached t o  the under side of the plate. 

The variations of temperature with current were, 

These results indicated that heating was present due to  scattered 

primary and secondary electron6 impl~@ng on the bottom plate of the 

inner cjrlinder. This created a small temperature gradient through the 

length and across the radius of the test chamber. The temperature 

gradient through the length decreased Kith an Increase i n  wall tempera- 

ture and the data indicated sane variations could be expected rad-. 

Electron Beam System 

The purpose of the electron beam system is t o  supply high-energy 

electrons, 25 t o  28 Kev. 

block diagram (fig. 10) and the design and construction details  are 

covered in reference 12. 

The electron beam system is i l lustrated In a 

The electron gun (figs. ll and 12) is insulated fran the t e s t  

charnber. Since the chamber is at ground potential and serves as the 
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. 
beam collector, the current measured by the micro-mlcroammeter is the 

beam current. 

The electron gun WBB operated at pressures of 1*3 x loo2 N/$ or 

less. I n  order t o  maintain the gun pressure lower than the t e s t  chamber 

pressure, a 2-112 cm long plug with a 1-mil hole is placed i n  the end of 

the d r i f t  tube (fig. ll). 

across the length of the opening. 

t o  approximately 53.2 mT/m2, the gun pressure rises above the upper 

operating limit. 

This arrangement causes a pressure gradient 

With an increase of chamber pressure 

Optical and Electranic Detector System 

The purpose of the optical and electronic detector system is t o  

analyze the t e s t  gas fluorescence. A block diagram (fig.  13) i l lustrates  

the system. 

The major canpomnt of this system is the 0.5 meter Fastie-Bert  
0 munt scanning spectraneter. s his instrument has 16.0 A / U I ~  dispersion 

in the first order and a 0.2 A resolution. A phatamultipller tube which 

has a quartz window and S-13 spectral response characteristic I s  mounted 

at the exit slit .  The high-voltage power supply for the photomultiplier 

has a stabi l i ty  of 0.005 percent per hour. 

0 

The micro-microammeter is a vacuum tube electrometer wlth an 

w l i f l e r  Is& t o  drive a strip chart recorder which has been modified 

t o  have a floating zero. 

1 second full scale which is slower than the 0.5 second o f t h e  amplifier. 

Based on the relative slow response of the recording system, a 5 x / d n  

scamlng spectraneter speed was required. 

The response of the available recorder was 



The relative spectral response of the spectrcuneter, photunultiplier, 

This calibration was accaupllshed and lens, as a system, was determined. 

by us- a standam3 tungsten laxtxp source whose spectral characteristic 

was known. The correction factor for intensity ratio o f  the 0-1/1-2 bands 

Y ~ S  0.97- 
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Data Acquisition 

The relative rotatiom3 line and vibrational band intensities 

are required t o  determine the rotational and vibrational teaperatures 

of the t e s t  gas. A detectable radiation level was obtained by operating 

the electron beam system t o  deliver 900 CIA, or greater, and maintaining 

the test chamber a t  a pressure of approximately 26.6 H/& a t  300' IC. 

Tbe 0-0 and 0-1 bands of I@ were selected for the rotational 

temperature measurements since these are the strongest bands i n  the 

temperature range of this work. 

performed with a 25-micran spectrometer slit width so that the instru- 

ment vldth w w l d  be greater than the l i n e  width which allows l ine  

intensity v d u e s  t o  be determined directly from the recorded peak values. 

Also, 25-micron s l i t  wldth I s  sufficiently narrow t o  obtain the necessary 

resolution. 

Spectral surveys of these bands were 

Surveys were made a t  looo K intervals over the t e s t  chamber range, 

300' IC t o  U0Oo K. 

temperature measurement is shown i n  flgure i4. 

A recording of a band used for a rotational 

The 0-1 and 1-2 bands of $ were selected for the vibrational 

tempe!rature measurements since there is  no overlapping by second positive 

systems of N2 and no strong overlapping by other first negative bands 

of I$ at law temperatures. The relative band intensities for th i s  



wrk w e r e  obtained by measuring peak values of the P-branch ewelope. 

It was necessary t o  select a spectrameter sl i t  wfdth of 250 microns t o  

obtain sufficient spectra3 width t o  cover the P-branch between the band 

origin and band head. 

than 400' K, the major portion of the P-branch intensity is  contained 

between the band origin and band head and that portion which lies 

beyond the band origin may be neglected with no more than 2 percent 

error 

For vibrational temperatures equal t o  o r  less  

Data Reduction 

Once the recorded traces, similar t o  those shown in figures 14 and 

15, have been obtained, rotational and vibratimal temperatures may be 

determined. 

is t o  neasure the peak value of a rotational l ine  and enter this value 

into equation (37) for Igt n. 

an estimate of the rotational temperature by noting the rotational l ine  

a t  which msldrmpn intensity i s  recorded. With the aid of this estimate, 

a value for ( [g(  V / V O ) ~ }  is determined From tables 1 or  2. This 

procedure is repeated for each rotational line. The next step is t o  

plot each point, for strong lines, on a graph (e.&, fig. 16), then by 

The procedure for the rotational temperature measurement 

It is necessary a t  this point t o  make g2 

least  squares f i t  determine the best straight line. 

the curve, a rotatianal temperature may be determined. if t h i s  V G U ~  

does not agree with the estimated value, the process is  repeated with 

another temprature estimate and this process is repeated unt i l  the 

estimated and calculated temperatures fall within the smallest tempera- 

ture division of the table of values. The entire 

procedure is repeated .for the weak l ine  system of the band. 

From the slope of 



For rotationsl temperatures of 400' K or less, vibrational temp- 

erature I s  determined by the ratio of the peak values of the P-branch 

envelopes of 0-1 and 1-2 bands. 

for the spectral calibratian factor. 

the curve of tLgure 2 t o  give a vibrational temperature. 

This measured ra t io  is then corrected 

The corrected value is applied t o  

For rutatiansl teqperatures above bo K, the peak of P-branch 

may not be used satisfactorily because the upper rotational levels 

becane more heavlly populated, with the corresponding lines fa l l ing 

outside o f t h e  spectral width vlewed by the spectrometer. Also, there 

is strong overlapping of the R-branch of the 0-1 b a d  on the P-branch 

of the 1-2 band. 

total area under each band trace. The 1-2 band area must be corrected 

for the overlap by 0-1 band. 

The procedure a t  these teanperaturea is t o  measure the 
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RotationaJ. Temperature Measurement Results 

Experimental rotational temperature measurements and associated 

p l o t s  are shown in figures 16 through 33. 

and standard deviation for each $ band, 0-0 and 0-1, for each t e s t  

temperature is  given in tables 3 and 4. 

is  detenained froaa the measured temperatures given by the strong and 

weak l ine  systems of a band. Finally, a plot of percent difference 

between the w e i g h t e d  mean temperature and reference temperature is  

A weighted mean temperature 

The weighted mean temperature 

presented in figure 9. 
Figure 34 shows that the largest error between the measured and 

reference temperatures is no greater than 28 percent. Therefore, this 

work demonstrated that reasonably accurate rotational temperature measure- 

ments between 300' K and U0Oo K can be made by observing gas fluorescence 

that is a result of i ne l a s t i c  colllsions between electrons and gas m o l e -  

cules. 

density population of H2B could be detemined with suf'flcient 

accuracy t o  permit good rutatlomi temperature ma~-~-eiiieiits~ 

I n  addition, the measurements shuw that the relative number 
+ 2 t  

FigUres 16 through 33 i l lustrate  800d straight line f i t  of the data 

This good straight line f i t  indicates that the steady-state points. 

population distribution within the H2 ground electronic state, IV2X%i, 

was Boltzmann, and the Bolt.l.nwm distribution was not significantly dis- 

turbed by the hi@-energy electrone. 



An examination of figures 16 through 33 shows that the number of 

point8 whlch f a l l  belaw the curves increases with temperature. The 

deviation of these point8 is the result of the overlaming of the P-branch 

on the R-branch. The amount of Emerlapping increases with an increase i n  

population of the upper rotational energy levels which increases with 

temperature. When the intensity of a P-branch rotational l ine is approxi- 

mately 1 percent of the intensity of an adJacent R-branch rotatianal l ine,  

then the resultant measured line intensity is  significantly effected. 

'Fherefore, using the 1 percent cr i ter ia ,  a l l  affected R-branch l ines  

were not included in the texprature measurement. 

Vibrational Temperature Measurement Results 

Vibrational temperature measurements were conducted only for low 

temperatures, 300' K and 400' K. 

tures, were restricted t o  these low temperature6 because there I s  a strong 

overlap of the 0-1 band on the 1-2 band at the higher temperatures. 

Meaeurcmants could have been macle for  higher temperatures but would have 

requlred an estimated correction for the werlap. This correction would  

increase with temperature and would be dif;ricult t o  determiae accurately. 

!L%erefore, It was f@lt that the law teqperature measurements were sufficient 

t o  show the adequacy of the theory and transit ion probabilities used. Also, 

the relative number population of the vibrational energy levels, vi E 0 

and v' - 1, could be determined. The results of these measurements are 

shown in figure 2. 

fi8 percent. 

The exprlments, for vlbrational tempera- 

The resultant measurements were accurate within 
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. 
Errors 

The errors which affected the preceding results may be divided 

into random and systematic errors. 

affected the accuracy of this work appears t o  be systematic. 

systematic error i s  apparent in figure 9. 
change of percent difference between weighted mean temperature and 

reference temperature is noted as the reference temperature is  

increased for both N2 bands. This is probably due t o  a difference 

between the true gas temperature and the reference temperature as a 

result  of electron beem heating of the bottom plate. 

that there i s  probably a difference between the reference temperature 

The most important error which 

This 

A deflnite plus to  minus 

+ 

The assumption 

and true gas temperature is based on several observations. 

should be noted that t o  determine the true gas temperature, a t  the 

point of observation, is very d i f F l c u l t .  It is difficult ,  even i n  a 

s t a t i c  environment, because the accuracy of measurements by any type 

of probe is affected by gas density, conduction, convection, radiation, 

and even the probe itself. These effects which must be corrected for 

are extremely difficult to  determine. Also, the determination of the 

true gas temperature with any physical sensing probe, at  the point of 

t e s t  observations, is even mre  d i f f icu l t  when the electron beam i s  

passing through the chamber. 

Flrst, it 

Even with d.3. the above diff ic i l t ies ,  tbe mgnttude of the effect 

V I  -* VUG --""*"-r al--+-nn h n a m  hentim ---2 on the bottom plate may be judged from the 

observations given i n  the Test Chamber Temperature Survey section. 

was s i n t e d  out that an increase i n  the inner cylinder wall temperature 

was noted With the beam on when the reference tenqerature was approximately 

It 
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300' IC. 

point. 

tion would not be too large. It was &so noted that a t  600' K no 

noticeable change i n  wall temperature w i t h  the beam on was noted. 

fore, the effects of the electron bean heating on the gas temperature 

are small. Note that it was i n  the 600° K t o  TOO0 K region of figure 34 

that the best agreement was obtained. 

This increase in  wall temperature was only 7' IC a t  the reference 

Therefore, it appears t h a t  the heating a t  the point of obsenra- 

There- 

Coupling the above observations with the observations of refer- 

ences 1 and 2, which showed that measured gas rotational temperature 

was independent of beam current and potential, it appears reasonable t o  

assume that a systesnatic error exists. 

systematic error i s  due t o  the difference between reference temperature 

The conclusion i s  that this 

and true gas temperature. 

"he random errors which affected the rotational temperature measure- 

ments are chart reading errors vlth a maximum of *3 percent and errors due 

t o  signal noise, approxinmtelyf2 percent. 

square deviation of all data points was less than the error assigned t o  

these causes. Also, the good sgreement of the data to  a straight l i ne  

shows that random errors  were s m a l l .  

In most a l l  cases the mean 

The major uncertainties affecting the vibrational temperature 

measurements are contained in the transition probabilities, *10 percent, 

accuracy of the recorded data, *3 percent, and t i e  calitratfoa of the 

opticar-eiectronic BY&-, k3 i;erzczt. 

cent was assigned for the vibrationsl measurements. 

$2 cvernfl uncertainty of k18 per- 
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R u t a t i d  Temperature Measurements 

. 

Experiments that were performed showed that the theozy presented 

here for determining the rutatianal temperature of the ground electronic 

s ta te  of nitrogen f'rcnn the relative intensities of the rotational 

structure of nitrogen's first negative system w a s  reasonably accurate 

for  the 300' IC t o  1100' IC temperature range. The results of the e w r i -  

ments indicated a minimum accuracy agreement with theory of 28 percent. 

In addition, it was found that rotational temperature measurements of 

IV$$$ could be performed equally w e l l  with the 0-0 and 0-1 bands 

of I!$* 

Vibrational T e q e r a t u r e  Measurenents 

The experimental m e a s m n t s  of the vibrational temperature of the 

ground electronic state of nitrogen were within the estimated measurement 

accuracy of 9 8  percent. 

for the determination of the vibrational temperature of H $ C k i  i n  a i r  

from the relative band intensities of $, was at least as accurate 88 

the transitional probabilities used In this work. 

The exgerimental results show t h a t  the theory, 

It % i i  also s k m  that 

wizh t-he proper rrpeubruraYszL ----*---*A- Y L I "  a?(+ d A + . h  I ---- +he --- d b m t t a  t w r a t u r e s  ma;y 

be determined frcxn the relative peak values of the P-branches of the 0-1 

and 1-2 band8 of I$ 
400' IC. 

for rotational temperatures e q a  t o  or less  than 

35 
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Mscussian 

Improvement in the accuracy of the measurements could be realized 

It is through a more precise tenprature meaeuremmt of the test gas. 

possible that this could be obtained thraugh modification of the test 

chamber vhich would be directed toward obtaining a more uniform t e s t  

gas t e r a t u r e  throughout the interior. A more Uniform temperature 

could be obtained by heat- the top and bottom of the inner cylinder. 

Another possibility might be t o  create a low-velocity air flow i n  the 

t e s t  chamber. 

It also would be of interest t o  conduct emriments  f o r  the measure- 

ment of rotational and vibrat ional  temperatures for  t e s t  gas temperature 

equal t o  or less  than 300' IC. These ex;peFiments would yield useful 

information on the validity of the theory in the low-tempratwe region 

where the population is  concentrated in the low rotational energy levels. 

Also, at these teqmratures the magnitude of the overlapping of various 

adjacent bsnds of N$ would decrease 8ieprif'icantI.y and could be neglected 

v i th  an error of less than 1 percent which would permit the determination 

of vsriaus vibrational transition probabilities more accurately. 



(A) defined by equation (27) 

transit ion probability for  endssion between s ta tes  n Anm 

b a y ;  transit ion probability for emission between vibrational 

energy states va and vg 

%lKl,vz transition probability for  emission between rotational 

energy states Ka and 

B, 
Vi rotational constant related t o  the vibrational level v: 

rotational constant related to the vibrational level Vi = 0 

C e  

C 

e 

represents the electronic wave function f o r  

excitation function which describes the electron-molecular 

excitation process 

r a t io  of the excitation ftmction t o  depopulation r a t e  of 

l@2< state 

speed of light 

dipole moment, x component 

characteristic energy of I6; rotational energy level 

Characteristic energy of v:’ vibrational energy level 
& 

electron charge 

primary electron 

secondary electron 

rotational term (ref. 7) 
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c 

deflned by equation (36) 

vibrational term (ref. 7) 

Plan&' s constant 

intensity of emission for  transit ions between n and 

m states 

intensity of emission for  transit ions between K' and 

ET' rotationsl  energy levels 

reference intensity of emission 

intensity of emlssion fo r  transit ions between v1 and 

v; vibrational e n e r e  levas 

Quantum number of the total angulax moenentum 

~uantum m e r  of rotational energy lev& of @.$E: 

qusnturm mer of rotational energy level of ~ 9 1 %  

quantum d e r  of r o t a t i o a  energy level of H+#$ 

BOltllmRnn's conetsnt 

quantum number of a component of tow angular momentum 

number density population of state n 

steady-state number density papulation of H&;' 

Sba8y-State number density population of a rotational 

e n e r w l e v e l  K' of @B~G 
s t eadpe ta t s  mmlxr d ~ n s i t y  ppula t ion  of a pibrational 

emera level v' of ggq: 
. - -  

neutral nitrogen 

ionized nitrogen 
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Pv rv" 

Qr 

a, 

%'V" 

R 

Ri" j 

r. n 
L C  

rli 

*2 

excited ion state of I$ 

ground s ta te  of H2 

ground state of 

re lat ive rotational line strength for  exdta t ion  

relat ive rotational l i ne  strength for  excitation, R-branch 

and P-branch, respectively 

relat ive rotarbional l i n e  strength for  emission 

re lat ive rotational l i n e  strength for  emission, R-branch and 

P-branch, respectively 

band strength 

rotational partition A;unction 

vibrational partition function 

momentum transfer term 

Franck-Condon factor 

depopulation rate of H;B~< 
electronic transition mment for  electronlc s ta tes  1 

d j  

position vector of i t h  orbital electron 

nuclei separation 

positdon vector of primary electron with respect t o  

p i n t  of observation 

distance between primary and secondary electrons 

distance between primary and i t h  orbi ta l  electrons 

position vector of secondary electron with respect t o  

point of observation 



c 

. 

position vector of 

molecular axla 

&a-London factor 

secondary electron with respect t o  

rotational temperature 

VibrationaJ. temperature 

velocity of p r i m m y  electron 

velocity of atomic e3,cctron 

VibrationaJ. energy state  of $$c 
vibrational energy states o f  N* 

vibrational energg state of lV,#-E+ 
g 

vibrational energy state of e 2 G  
a constant of ptlgly v; q 
represents the electronic wavefbnction for  II 2% 

constants defined in the text 

scattering angle of primary electron 

N e r  angles 

qtlsntum number o f t h e  resultant electronic orbital  

angular mrmreatum 

wave number o f  nm transition 

excitation cross section 

angulaz characteristics of an orbilxd electron of IV,$Lz 

electronic state wave fhnction 

molecular wave function. 

rotational state wave function 

vibrational state m e  function 
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Figure 1.- Partial energy level diagram of nitrogen for 
high-energy electron beam excitation-emission process. 
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Figure 2.- Graph of vibrational temperature versus intensi ty  r a t i o  
of 0-1 and 1-2 bands Of N;. 



Figure 3.- Experimental system. 
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Figure 4.- Test gas temperature and vacuum control system. 
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Figure 6.- Test chamber heatlng element. 
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Figure 7. - Test chamber inner cylinder. 
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Indicated pyrometer temperature, OK 

Figure 8.- Graph of test chamber, inner cylinder temperature 
versus indicated pyrometer temperature. 
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Pi,m_?_re 9-  - Inner cylinder, bottom pla te  thermocouple locations. 
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Figure 12.- Electron gun. 
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- __ Wavelength scale, 

Figure 14.- A spectrometer t race N$ 0-0 band rotational 
structure, c 300° K. 



67 

Figure 15.- Typical spectrometer trace unresolved, N: 0-1 and 
1-2 bands, % 300' K. 
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